Buffy coats are the most common method for the acquisition of activated primary human T cells for research or clinical applications, but recently leukocyte reduction system (LRS) cones have emerged as a viable source for these cells. In this study, we determined if activated human T cells derived from buffy coats or LRS cones had different functionality. No changes in the expression of surface receptors were observed except for a significant increase in CD44 expression on T cells isolated from LRS cones. LRS cone-derived T cells trended towards higher receptor-mediated cytokine production and had significantly increased donor-to-donor variability in IFN-γ production. TCR-induced ERK1/ERK2 and AKT phosphorylation was also increased in T cells isolated from LRS cones. In conclusion, LRS cones are an excellent source of T cells for clinical and research applications, but these cells have subtle functional differences from T cells isolated using standard buffy coats.
Introduction
Human T cells are required for the adaptive immune response to infection but their inappropriate function can drive the pathogenesis of numerous diseases. Research on the activation and function of human T cells is critical not only for a better understanding of the adaptive immune response and the development of pathological diseases, but also for the development of effective vaccines and treatments for T cell-mediated disease. Additionally, human T cells are needed for several evolving clinical applications, including the expansion of tumor infiltrating lymphocytes or production of T cells with chimeric antigen receptors (Shi et al., 2013; Park et al., 2011) . Many experimental investigations and clinical protocols require substantial quantities of peripheral blood mononuclear cells (PBMCs) to generate T cells, numbers that can be difficult to acquire via the widely used buffy coat isolation. Several recent studies have shown that large numbers of PBMCs, often N1 × 10 9 cells, can be isolated from leukocyte reducing system (LRS) cones (Ebner et al., 2001; Meyer et al., 2005; Neron et al., 2006; Pfeiffer et al., 2013) , which are used to reduce transfusion reactions, reactions to alloantigens in transplant patients and transmission of pathogens that infect leukocytes. Therefore, LRS cones are emerging as an efficient, safe and convenient asset to many research and clinical applications that require large numbers of human T cells. Several groups have examined the phenotype and function of immune cells isolated from LRS cones compared to standard buffy coats. They observed that the percentage of T cells, B cells, monocytes and dendritic cells was largely similar between PBMCs isolated from LRS cones or buffy coats, but that PBMCs from LRS cones contain more granulocytes (Ebner et al., 2001; Meyer et al., 2005; Neron et al., 2006; Dietz et al., 2006) . Dendritic cells isolated from LRS cones were functional and capable of activating T cell responses (Ebner et al., 2001; Pfeiffer et al., 2013) . B cells isolated from LRS cones have similar expression of surface markers and ability to be activated through CD40 compared to B cells isolated from buffy coats (Neron et al., 2006) . Less is known about the functionality of T cells isolated from LRS cones compared to buffy coats. T cells isolated using leukocyte filters, which are structurally different from LRS cones, have reduced Staphylococcal enterotoxin B (SEB)-induced CD69 or CD25 expression on CD3+ cells compared to buffy coat T cells (Meyer et al., 2005) . However, T cells isolated using LRS cones have enhanced SEB-mediated upregulation of CD69 or CD25 compared to T cells isolated from leukocyte filters, but appear to have similar SEB responses to buffy coat isolated cells (Dietz et al., 2006) Together, these studies suggest that the T cells may be functionally different depending on the source of the PBMCs from which these cells are isolated. However, it is currently unknown whether the downstream function, such as cytokine production and early signaling events, of T cells isolated from LRS cones is comparable to the functions of T cells isolated from standard buffy coats. Additionally, no studies have examined whether the source of PBMCs alters the subsequent function of T cells that are expanded from these cells. Thus we further investigated the functionality of T cells derived from PBMCs isolated using LRS cones by examining cell surface receptor expression, cytokine release, and phosphorylation of early signaling pathways compared to buffy coat isolation. We observed that T cells isolated from LRS cones had similar expression of surface markers except for CD44, increased production and donor-todonor variability in IFN-γ production, and enhanced TCRmediated ERK1/ERK2 and AKT activation. Together, these data suggest that LRS-derived T cells have subtle functional differences compared to T cells isolated from buffy coat.
Materials and methods

Reagents
Anti-ERK1/ERK2 pT185/pY187, anti-AKT pS473 antibodies and dynabeads were purchased from Life Technologies, Grand Island, NY, USA. The polyvinylidene difloride (PVDF) membrane and anti-actin antibodies were obtained from EMD Millipore, Billerica, MA, USA. RPMI 1640, L-glutamine, penicillin-streptomycin and PBS were acquired from Gibco, Grand Island, NY, USA. The FBS was purchased from Atlanta Biologicals, Flowery Branch, GA, USA. The anti-CD3 antibody (OKT3), anti-CD4 antibody (RPA-T4), PE anti-human CD8a antibody (RPA-T8), PE/Cy5 anti-human CD69 antibody (FN50), PE anti-human TCR α/β T cell receptor (IP26), FITC anti-human CD28, anti-human CD28 antibody (CD28.2), recombinant human IFN-γ, purified anti-human IFN-γ and biotin anti-human IFN-γ were purchased from Biolegend, San Diego, CA, USA. The PE/Cy5 anti-human CD62L antibody (DREG-56) and the PE/Cy5 anti-human CD45RO antibody (UCHL1) were obtained from BD Pharmingen, San Jose, CA, USA. Streptavidin-HRP was purchased from Jackson Immuno Research Labs, West Grove, PA, USA. The anti-human CD44 antibody (IM7), purified anti-human IL-2 and biotin antihuman IL-2 were acquired from eBioscience, San Diego, CA, USA. Recombinant IL-2 was obtained from R & D Systems, Minneapolis, MN, USA. Human rIL-2 was obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: Human rIL-2 from Dr. Maurice Gately, Hoffman-La Roche Inc. ELISA tetramethylbenzidine peroxidase substrate was purchased from Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA. The Criterion polyacrylamide gels were acquired from Bio-Rad, Hercules, CA, USA. SEA BLOCK blocking buffer was purchased from Thermo Scientific, Waltham, MA, USA. All chemicals were research grade and obtained from a variety of sources.
Standard buffy coat isolation
Human PBMCs were isolated from heparin anti-coagulated venous blood from healthy, consenting adults. The PBMCs isolated from the standard buffy coat protocol were from participants who had given informed consent for an Institutional Review Board (IRB) approved study at the University of Iowa. In these studies, the PBMCs were not needed to complete the IRB approved studies and were normally discarded. Because all cells used in these studies were obtained from normally discarded products, the donors had approved for the use of their cells in research projects and the donors were completely de-identified, these studies were exempt from further IRB approval. The donors were generally recruited from the students and staff at the University of Iowa and ranged in age from 21 to 40 years old. PBMCs were isolated using Hypaque-Ficoll density-gradient separation, followed by removal of the buffy coat. The PBMCs were then washed three times with 1X PBS, before dilution in complete RPMI media (RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, and 50 mg/ml streptomycin-50 U/ml penicillin).
Leukocyte Reducing System (LRS) cone isolation
Human PBMCs were obtained from whole blood from anonymous donors from the DeGowin Blood Center at the University of Iowa. The age of the blood donors were unknown but restricted to donors under the age of 55. The blood donors had consented to allow blood cells not used for donation to be used for research at the University of Iowa. The consent process and consent documents for these donors have been approved by the IRB for the University of Iowa. LRS cones from a Trima Accel automated blood collection system (Terumo BCT, Lakewood, CO, USA) were used to remove PBMCs from these blood products, and the LRS cones were provided to investigators at the University of Iowa by the DeGowin blood center. The PBMCs from the LRS cones were flushed from the cone by washing with isolation buffer (PBS containing 2 mM EDTA and 2% FBS) and further isolated using Hypaque-Ficoll density-gradient separation. The PBMCs were then washed three times with 1X PBS, before dilution in complete RPMI media.
Growth of PBMCs
The PBMCs from standard buffy coat isolation and LRS cone isolation were incubated at 37 degrees in complete RPMI mediafor 2-4 h to remove adherent cells. The non-adherent cells were then cultured at 2-4 × 10 6 cells/ml in complete RPMI with 100 U/ml recombinant IL-2. To enrich for T-cells, the cells were activated with magnetic Dynabeads coated with anti-CD3 and anti-CD28 for 5 days before using in experiments.
Flow cytometry
After five days of activation, the anti-CD3/anti-CD28 coated magnetic beads were removed from the cells. The cells were resuspended to a concentration of 4 × 10 5 cells/ml in FACS buffer (PBS with 10% FBS and 0.05% sodium azide). For single stains, an isotype control or a single indicated primary antibody was added and cells were incubated on ice for 30 min. The cells were then washed extensively with FACS buffer and, if needed, a secondary antibody was added for 30 min on ice. For double staining, the two antibodies, each directly conjugated to separate fluorophores, were incubated with cells on ice for 30 min, then washed extensively with FACS buffer. Samples were collected using an Accuri C6 flow cytometer and the data was gated and analyzed using software provided by Accuri (BD Biosciences, San Jose, CA, USA). Live lymphocytes were gated based on forward and side scatter and the gates were made such that the percent positive cells in the isotype control were between 4 and 5%. The same gates were then used for isolated cells stained with the individual antibodies. The gates for the double stained cells were based on gates set for the single stained cells in the same experiment. The percent positive cells by a specific antibody in the gated area of live cells and the median fluorescence intensity of all cells were graphed using Prism (Graphpad Software, La Jolla, CA, USA).
TCR-induced cytokine production
Activated peripheral blood T cells (1 × 10 6 /ml) were stimulated for 48 h at 37°C in supplemented RPMI with or without 2 μg/ml plate-bound anti-CD3 and in the absence or presence of 1 μg/ml anti-CD28, 1 μg/ml fibronectin or 1 μg/ml anti-CD44. Supernatants were collected and stored at −20°C. IL-2 and IFN-γ levels in an individual culture supernatant were measured in triplicate by standard TMB based ELISA using an Epoch plate reader at 450 nM (BioTek, Winooski, VT, USA). Six to eight independent donors were characterized for each experiment and the data was then plotted using the graphing program Prism (Graphpad Software, La Jolla, CA, USA).
Stimulation of peripheral blood T cells
After five days of activation, the activated peripheral blood T cells were washed with RPMI 1640 and resuspended to a concentration of 2 × 10 7 cells/ml in RPMI 1640. The cells were treated with anti-CD3 (10 μg/ml) and anti-CD4 (2 μg/ml) for 30 min on ice. Since concurrent stimulation with CD3 and CD4, not CD3 stimulation alone, could induce detectable TCRmediated signaling (Houtman et al., 2005a) both antibodies were used. The cells were warmed to 37°C for 10 min and stimulated with anti-mouse IgG (25 μg/ml) for various times. The cells were lysed with a 4-fold excess of hot 2X lysis buffer, heated to 95°C for 4 min and sonicated to reduce viscosity.
Immunoblotting and analysis
The cellular lysates were separated by polyacrylamide gel electrophoresis (PAGE) using 4-15% Criterion gels and the proteins were transferred to PVDF. The membranes were blocked for 1 h at room temperature in a blocking buffer consisting of 50% PBS and 50% SEA BLOCK Blocking Buffer. Primary antibodies were added to blocking buffer at their appropriate dilutions and then incubated with the membrane overnight at 4°C. After washing twice with PBST (PBS +0.1% Tween 20), the secondary antibodies were added in blocking buffer for 30 min at room temperature. The membranes were washed room temperature with PBST with 10% SDS and then 2 times with PBST alone. Antibody binding was detected using a Licor Odyssey (Lincoln, NE, USA). Six independent replicates were performed for each experiment. The intensity of the immunoblotting bands was determined using the Licor Oddessey v3.0 software. The amount of phosphorylation, as determined by the intensity of phosphospecific antibody immunoblots, was normalized to the relative amount of the analyzed protein in the samples, as determined by the ratio of the intensity of the pan ERK1/ERK2 or AKT antibody and actin antibody immunoblots. Fold activation for each sample was calculated by dividing the normalized intensity for the individual point with the normalized intensity for the 0 minute timepoint. The average normalized intensities and fold activation from six independent experiments using different donors were calculated and plotted using the graphing program Prism (Graphpad Software, La Jolla, CA, USA).
Statistical analysis
Due to the inherent variability of human subjects and to eliminate the possible bias of obvious outliers, the outliers in the data were identified using the ROUT method with Q set at 1%, which is the default values used by Motulsky and Brown (2006) . Statistical differences between various samples in the flow cytometry and immunoblotting experiments were determined using two-tailed unpaired t tests. The cytokine samples were statistically compared using two-tailed unpaired t tests with Welch's correction due to differences in the variability of the samples (Sawilowsky, 2002) . Statistical differences between variance in these samples were determined by F test to compare variance with statistical significance set at a more stringent p b 0.01 due to the inherent unreliability of this statistical test. All statistical analysis was repeated using the non-parametric Mann-Whitney test. As noted in the text, the only difference between the two tests was the p values for the percent of cells positive for CD44, where p = 0.048 for the t test and p = 0.055 for the Mann-Whitney test, and CD44 MFI between CD45RO+ versus CD45RO− T cells, where p = 0.030 for the t test and p = 0.057 for the Mann-Whitney test. All values shown in the figures are for the comparisons using the standard t tests.
Results
Expression of select cell surface receptors are different in activated peripheral blood T cells isolated from LRS cones
Previous studies have shown that similar percentages of CD4+ and CD8+ T cells are present in PBMCs isolated from LRS cones or standard buffy coats (Meyer et al., 2005; Neron et al., 2006; Dietz et al., 2006) . However, no studies have examined whether expansion of T cells from PBMCs isolated from either LRS cones or buffy coats has differences in the percentages of cells expressing T cell markers. This is a critical question since the use of anti-CD3/anti-CD28 antibodies and recombinant IL-2 is a standard protocol to expand human T cell populations for clinical or research use. To this end, PBMCs were isolated from both standard buffy coats and LRS cones. PBMCs obtained from both sources were isolated using Hypaque-Ficoll density-gradient separation; thus, the only difference in isolation was filtration through the LRS cone. Once isolated, the PBMCs from both sources were activated using anti-CD3/anti-CD28 and IL-2 for five days. There were no differences in the relative amount of T cell expansion or T cell death/apoptosis between the two sources of PBMCs (data not shown). This suggests that the source of PBMCs does not greatly alter the subsequent proliferation of T cells.
After expansion, the expression of surface markers was examined by flow cytometry. Both PBMC populations contained greater than 75% T cells (Fig. 1) . Staining with CD19 suggested that the vast majority of the contaminating cells were B cells, with little to no contamination from monocytic cells (data not shown). There were no significant differences in the percentages of cells expressing the TCRα/β chain, CD4, CD8, CD28 and CD69 in activated PBMCs from LRS cones or buffy coats (Fig. 1A) . There was a moderately significant increase in the percentage of cells expressing CD44 in activated PBMCs from LRS cones compared to buffy coat T cells (Fig. 1A and B) , with the t test having a p = 0.048 and the Mann-Whitney nonparametric test having a p = 0.055. None of the populations showed significant differences in the variability of the samples as determined by f tests to compare variances (data not shown).
To further examine relative protein expression per cell of the various receptors, the median florescence intensity (MFI) of the live cells was determined. T cells produced from either LRS cones or standard buffy coats had similar MFI for TCRα/β chain, CD4, CD8, CD28, CD44, and CD69 ( Fig. 1A and C ). There were also no statistically significant differences in the variation for any of the receptors. Additionally, we further characterized the phenotype of the CD44 positive cells produced from LRS cones. Greater than 90% of the cells from the LRS cones were positive for TCR αβ (Fig. 1A and D) . There was no difference in the MFI for CD44 in TCR αβ+ vs TCR αβ− cells ( Fig. 1D and E) , showing conclusively that the increase in percentage of CD44+ cells in LRS cones was not due to contamination from non-T cells. Similarly, there was no difference in the MFI for CD44 in CD4+ versus CD4− or CD8+ versus CD8− T cells ( Fig. 1D and E). Interestingly, there was a trend for increased CD44 MFI in CD62L− T cells (p = 0.16) and a significant increase in CD44 MFI in CD45 RO+ T cells (t test p = 0.030 and Mann-Whitney non-parametric test p = 0.057) ( Fig. 1D and E) . This shows that the increased CD44 expression is occurring in activated T cells. Collectively, these data suggest that surface cell receptor expression is not substantially altered on T cells isolated using standard buffy coat or LRS cone isolation methods. The only observed differences were a significantly higher expression of CD44 on CD62L−/CD45RO+ activated T cells isolated from LRS cones.
IFN-γ production is altered in T cells isolated from LRS cones
TCR activation leads to increased production and release of cytokines important for the host immune response. These responses are enhanced by the concomitant activation of costimulatory and adhesion receptors, such as CD28, CD44 and the α4β1 integrin VLA-4. No studies have characterized potential differences in cytokine production from the different T cell isolation methods in expanded T cell populations. To address this knowledge gap, the activated T cells from standard buffy coat or LRS cone isolations were stimulated with platebound anti-TCR alone or in combination with soluble stimulatory anti-CD28, plate-bound fibronectin (a ligand for α4β1 integrin VLA-4), or plate-bound anti-CD44. Cells isolated from either buffy coat or LRS cones had increased IL-2 production when co-stimulated via CD28, VLA-4 or CD44 compared to stimulation through the TCR alone ( Fig. 2A ). There were no significant differences in the production of IL-2 between the two isolation methods, although there was a trend (p = 0.08) towards an increased production of IL-2 upon stimulation with TCR and fibronectin together in T cells isolated from LRS cones ( Fig. 2A) . In contrast to IL-2 production, TCR stimulation alone increased IFN-γ production in the LRS cone or buffy coat isolated T cells. Costimulation with CD28, fibronectin, and CD44 resulted in only a moderate enhancement of IFN-γ production in both isolation methods (Fig. 2B ). There was a trend towards a significant increase in IFN-γ production in TCR alone (p = 0.13), TCR/CD28 (p = 0.09), TCR/VLA-4 (p = 0.10), and TCR/CD44 (p = 0.14) in T cells isolated from LRS cones compared to buffy coats ( Fig. 2A) . Interestingly, as assessed by the f test to compare variances, there was significantly enhanced variation between donors in LRS cone derived T cells treated with TCR/CD28 (p = 0.001), TCR/VLA-4 (p = 0.0012), and TCR/CD44 (p = 0.0059) compared to buffy coat isolated T cells when stimulated via these same receptors (Fig. 2B) . These data suggest that isolation of T cells by LRS cones results in enhanced levels and donor-to-donor variation of receptormediated production of IFN-γ compared to T cell isolated from a standard buffy coat.
Early TCR-mediated signaling is enhanced in T cells derived from LRS cone
The previous experiments examining cytokine production suggest that TCR-mediated intracellular signaling could be enhanced in the LRS cone isolated T cells. To address this potential, activated T cells were generated using each isolation method and stimulated for various times with soluble stimulatory anti-CD3 and anti-CD4 antibodies. Phospho-specific antibodies were then used to measure the changes in ERK1/ERK2 or AKT phosphorylation after normalization to the expression of both actin and the individual protein. We have used this technique extensively to assess changes in the extent and timing of early signaling in human T cells (Bartelt et al., 2009; Chapman et al., 2013a; Chapman et al., 2013b; Collins et al., 2010a; Collins et al., 2010b; Cruz-Orcutt and Houtman, 2009; Cruz-Orcutt et al., 2014; Houtman et al., 2005b; Tremblay et al., 2014) . ERK1/ERK2 and AKT activation are excellent markers for receptor-mediated signaling, since the function of these proteins in T cells has been linked to increased survival, proliferation and the induction of effector cytokines (Smith-Garvin et al., 2009) . As shown in Fig. 3A , the LRS cone isolated T cells had enhanced levels of ERK1/ERK2 and AKT phosphorylation compared to T cells isolated using buffy coats. When the levels of phosphorylation were normalized and compiled for multiple donors there was a consistent 3-4 fold increase in the amount of TCR-induced ERK1/ERK2 phosphorylation in the LRS isolated T cells, with little increase in the level of ERK activation in unstimulated T cells (Fig. 3B) . AKT phosphorylation at 2 and 5 min was also enhanced by 2-4 fold in T cells derived from LRS cones, with fewer differences at 15 min (Fig. 3C) . Strikingly, the level of basal AKT phosphorylation was consistently enhanced approximately 3-4 fold in LRS isolated T cells (Fig. 3C) . None of these values were statistically significant due to substantial donor to donor variation in the level of protein phosphorylation. When the fold activation over unstimulated cells was calculated, ERK1/ERK2 had a significantly enhanced fold activation in LRS derived T cells compared to buffy coat isolated T cells (Fig. 3D) . In contrast, AKT did not have a significant enhancement in fold activation over unstimulated cells in LRS derived T cells (Fig. 3E) , largely because the levels of AKT phosphorylation at the 0 minute timepoint was substantially different between the two isolation methods. Collectively, these results demonstrate that cells from LRS cone isolations have enhanced early TCR-mediated signaling compared to T cells isolated from standard buffy coats.
Discussion
The need for primary human T cells for research and clinical purposes has increased substantially in the last decade. The usage of primary human T cells will likely increase over the coming years due to the growing awareness of the limitations of human T cell lines (Bartelt et al., 2009; Freeburn et al., 2002; Seminario et al., 2004; Shan et al., 2000; Finger et al., 1988) and the increasing understanding that mouse models may poorly mimic human inflammatory disease and other disorders linked to T cell function (Seok et al., 2013; Leist and Hartung, 2013) . The current method for the acquisition of large numbers of human primary T cells is the isolation of PBMCs via standard buffy coat followed by the expansion of the T cells using stimulatory antibodies and recombinant IL-2. However, the drawback of buffy coat isolation is the limits on the number of cells due to the availability of donors and/or restrictions imposed by human subject research protocols. Isolation of PBMCs from LRS cones bypass these issues since the cones are a byproduct of blood donation, which occurs over 15,000,000 times per year in the USA alone according to the US Red Cross. Additionally, many research institutions are obtaining consent for the anonymous use of LRS cones in research studies, thus bypassing the requirement for IRB approval for individual investigators. Because of these benefits, LRS cone isolations have become increasingly popular as an efficient way of obtaining large numbers of PBMCs that can be further activated or purified to obtain human primary T cells (Meyer et al., 2005) .
Although T cells can be obtained from LRS cones, little is known about differences in T cell effector function between standard buffy coat and LRS cone isolations. Our studies are the first to address the question of whether different isolation methods result in functional alterations in T cells that are activated and expanded. This is a critical question since the majority of primary human T cells used for basic research have been expanded using non-specific mitogens, such as PHA or ConA, or stimulatory anti-CD3/CD28 antibodies in the presence of IL-2. Similarly, the vast majority of clinical applications for human primary T cells, including the expansion of tumor infiltrating lymphocytes or production of T cells with chimeric antigen receptors (Shi et al., 2013; Park et al., 2011) , require activated and expanded human T cells. We observed that activated peripheral blood T cells derived from LRS cones had an increased percentage of activated T cells positive for the adhesion receptor CD44, a trend towards enhanced TCRinduced IL-2 and IFN-γ production, amplified donor-to-donor variability in IFN-γ production and heightened early TCRmediated signaling through ERK1/ERK2 and AKT compared to T cells isolated by standard buffy coat. This suggests that isolation of T cells using LRS cones results in enhanced effector functions in primary human activated peripheral blood T cells.
The observation that there are alterations in the function of T cells isolated using different methods begs the question, what is the mechanism for these differences? One potential difference is the donors from the two methods. The donors for the standard buffy coat isolations in our study were undergraduate, Fig. 2 . Cytokine production and donor-to-donor variability is increased in the LRS cone isolated cells. T cells isolated from buffy coats or LRS cones were unstimulated (US) or stimulated with plate-bound anti-human CD3 (2 μg/ml) in the absence or presence of anti-CD28 (1 μg/ml), fibronectin (1 μg/ml) or anti-CD44 (1 μg/ml) for 48 h at 37 degrees. Supernatants were collected and assayed by ELISA for (A) IL-2 production and (B) IFN-γ production. The averages ± SEM of six different donors for each isolation method are shown with the outliers removed as described in the Materials and methods.
graduate and laboratory personal that are generally between 20 and 40 years of age. In contrast, the donors from the LRS cones came from individuals that donated blood at the DeGowin Blood Center at the University of Iowa. These donors are generally older than 40 years old but for this study were restricted to donors under the age of 55. This suggests that alterations in the chronological age of populations of donors could be the mechanism for the observed differences between the isolation methods? Arguing against this possibility is the observation that T cells isolated from LRS cones, which are obtained from older donors, had enhanced early ERK1/ERK2 and AKT phosphorylation. Multiple studies have shown that T cells isolated from older individuals have reduced TCR-induced ERK1/ERK2 and AKT phosphorylation in CD4 T cells compared to T cells purified from younger donors (Larbi et al., 2011) , which is the exact opposite of what we observed. Similarly, T cells isolated from older individuals had reduced TCR-induced IL-2 but enhanced IFN-γ production compared to T cells isolated from younger donors, which again is different than the pattern we observed (Larbi et al., 2006; Schindowski et al., 2002) . These observations suggest that the age of donors is not the direct cause of differences in signaling and cytokine production between the two isolation methods.
If the age of the donors has no effect on the observed enhanced T cell function then the LRS cones themselves must be altering the function of the isolated T cells. The only difference in Fig. 3 . Early TCR-mediated signaling is enhanced in T cells isolated from LRS cones. (A) T cells isolated using standard buffy coats or LRS cones were stimulated with anti-CD3 (10 μg/ml) and anti-CD4 (2 μg/ml) for various times. The phosphorylation of ERK1/ERK2 and AKT and the expression of ERK1/ERK2, AKT and actin were examined by immunoblotting. The results are a representative of six donors for each isolation method. The level phosphorylation of ERK1/ERK2 and AKT at each timepoint was normalized as described in the materials and methods. The relative phosphorylation levels for (B) ERK1/ERK2 and (C) AKT or the fold activation from the 0 timepoint for (D) ERK1/ERK2 and (E) AKT are shown as the average ± SEM of six donors for each isolation method with the outliers removed as described in the Materials and methods. The p values for the statistical analysis of each point are shown on the graphs. the isolation activated T cells obtained from PBMCs sourced from LRS cones or buffy coats was filtration using the cone. This suggests that interactions of the PBMCs and/or unactivated T cells with the filtration membrane of the LRS cones alter the subsequent function of activated T cells. In support of this model, Barbe et al. found that integrin molecules were important for the adhesion to filters, especially the β2-integrin (Barbe et al., 2001) . T cells express lymphocyte function-associated antigen-1 (LFA-1), which is a member of the family of β2-integrins and regulates T cell function (Zhang and Wang, 2012) . Henschler et al. observed that the adhesion of lymphocytes to LRS filters was dependent on calcium or the presence of platelets, which suggests integrin mediated interactions (Henschler et al., 2005) . They also found that serum components that bind adhesion receptors, including fibronectin (VLA-4 integrin ligand) and hyaluronic acid (CD44 ligand), are also critical for lymphocyte adhesion (Henschler et al., 2005) . Alexiou et al. observed that LRS filters selectively bound to white blood cells that expressed the CD11b integrin and CD62L, which are found on a subset of activated lymphocytes and naïve/central memory T cells, respectively (Alexiou et al., 2006) . In addition to interactions between the LRS cone matrix and adhesion receptors on the T cells, the LRS cones also concentrate T cells in specific regions of the filter. The majority of T cells are found in only five layers of the multi-layered LRS cones (Henschler et al., 2005) . When the filter layers are analyzed by microcopy the vast majority of leukocytes and lymphocytes are found concentrated in discreet regions of the filter (Henschler et al., 2005) . T cell to T cell contacts that occur in these regions of the filter are likely important because adhesion molecules, such as CD2, CD7, CD44 and integrins, are able to form interactions that induce functional changes in T cells. Thus, LRS cone filter material and the concentration of T cells on the filters could stimulate adhesion receptors that would modulate the function of subsequently activated T cells, leading to the enhanced function of T cells from LRS cones compared to cells isolated from buffy coats.
Conclusions
In conclusion, we have shown that activated T cells produced from LRS cone isolations have altered TCR-induced functions compared to T cells produced using standard buffy coats. The two methods may in fact model T cells from different anatomical regions. Buffy coat T cells are isolated from peripheral blood and retain similar conditions to what is found in the blood. In contrast, LRS cones provide adhesion receptor and cell-to-cell contacts that are similar to what T cells receive in the secondary lymphoid tissues and sites of inflammation. Ultimately, LRS cones are an efficient and costeffective source of T cells for clinical and research applications, but these cells are functionally distinct from T cells isolated using standard buffy coat purification.
